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There  is  a  strong  demand  for  diamond-like  coatings  of  boron  nitride  (BN)  in  a  large 
number  of  tribological  applications  including  cryogenic  bearings  and  adiabatic  engines. 
Commercial  use  of  BN  coatings  has  previously  been  impeded  by  sample  to  sample 
reproducibility  problems  which  have  been  overcome  by  the  innovative  Spire  process  using  ion 
beam  enhanced  deposition  (IBED^, 

The  results  of  the  Phase  I  research  were  extremely  encouraging,  producing  coatings 
with  Knoop  hardnesses  greater  than  2500  Kg/mm^  and  dimensionless  wear  coefficients 
approaching  10~7.  Spire  Corporation  proposes  to  expand  both  the  scope  and  extent  of  Phase 
I  research  to  obtain  the  optimum  process  parameters  which  will  be  used  for  commercial 
scale-up.  The«e  wiH  include  ion  dose,  icr.  snergy,  deposition  rate,  ambient  gas  background, 
local  temperature,  and  layer  thickness.  In  addition  to  these  IBED  will  be  evaluated  for  its 
ability  to  deposit  commercially  viable  diamond-like  BN  coatings  and  the  best  coating 
parameters  will  be  identified.  The  Phase  I  data  have  indicated  that  the  full  potential  of 
"diamond-like"  BN  coatings  may  be  demonstrated  as  commercially  feasible  in  the  short  term. 


SUMMARY 


During  the  past  year,  Spire  Corporation  has  extensively  expanded  its  study  of  thin 
films  of  boron  nitride  produced  by  the  ion  beam  enhanced  deposition  (1BED)  method.  The 
broadening  of  this  investigation  beyond  the  Phase  I  and  first  year  efforts  has  been  aided  by 
improvements  to  the  IBED  facility  as  well  as  by  the  availability  and  use  of  a  wider  variety 
of  analytical  techniques  to  characterize  these  coatings. 

In  conjunction  with  other  projects  within  Spire's  Thin  Film  Technologies  Lab  and 
with  support  from  various  government  and  private  sector  funding,  the  IBED  facility  has 
been  overhauled  and  improved.  Among  the  major  improvements  are  the  installation  of  a 
new,  larger  capacity,  electron  beam  evaporator;  dual  ion  beam  neutralizer  filaments;  a 
new  grid  system  for  the  ion  source;  and  mounting  jigs  and  hardware  for  rotating 
(planetary-type)  depositions.  All  of  these  modifications  have  been  undertaken  to  help 
improve  the  uniformity  and  reproducibility  of  the  IBED  depositions  as  well  as  increase  the 
system  throughput. 

The  number  of  different  analytical  techniques  used  to  characterize  the  coatings  has 
been  expanded  to  include  the  following:  X-ray  photoelectron  spectroscopy  (XPS  or  ESCA), 
X-ray  diffraction  (XRD),  transmission  electron  microscopy  (TEM),  Raman  spectroscopy, 
and  nuclear  reaction  analysis  (NRA)  in  addition  to  the  Rutherford  backseat tering 
spectroscopy  (RBS)  and  IR  spectroscopy  analyses  performed  earlier  in  the  program.  We 
have  also  completed  a  more  extensive  analysis  of  the  friction  and  wear  behavior  of  these 
coatings. 

Although  the  complexities  of  the  boron  nitride  system,  and  the  subtleties  of  its 
cubic  phase  formation  are  not  completely  understood,  we  feel  that  we  have  now  identified 
a  reproducible  approach  to  producing  hard,  adherent,  thin  films  of  IBED  boron  nitride  with 
significant  cubic  phase  present. 
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SECTION  1 
INTRODUCTION 


The  abrasive,  adhesive  and  corrosive  wear  of  conventional  reciprocating  and  rotary 
engine  components,  such  as  face  riding  seals,  has  contributed  to  both  a  loss  in  efficiency 
and  increased  machinery  downtime  for  periodic  maintenance.  This  problem  will  only 
become  more  severe  in  the  future  with  the  development  of  advanced  heat/adiabatic 
engines.  The  total  economic  impact  of  efficiency  losses,  downtime,  and  replacement  parts 
is  astounding.  These  conditions  pose  a  serious  and  growing  challenge  to  conventional 
lubrication  technology  to  provide  adequate  lubrication  at  these  higher  temperatures.  Thus 
there  is  an  obvious  and  acute  need  to  develop  a  materials  system,  surface  treatment  and 
solid  coating  which  is  self-lubricating  and  high  temperature  compatible. 

In  applications  where  extreme  high  temperature  operation  (near  1000°C)  is  to  be 
expected,  such  as  adiabatic  engines,  all  conventional  lubricants  either  decompose, 
pyrolyze,  or  are  simply  inadequate.  Conventional  solid  lubrications,  such  as  molybdenum 
disulfide,  suffer  oxidative  deterioration  at  temperatures  over  250°C  and  even 
"diamond-like''  carbon  films  begin  to  suffer  oxidative  deterioration  as  the  temperature 
rises  above  600°C.  Many  materials  which  are  inherently  self-lubricating  are  soft,  lacking 
the  strength  necessary  for  structural  members.  Both  carbon  and  BN  have  extremely  hard 
cubic  forms  as  well  as  lubricious  forms,  (graphite  and  hexagonal  BN),  which  make  them 
ideal  wear-resistant,  coatings  for  engine  components.  As  applied  by  the  novel  technique 
of  ion  beam  enhanced  deposition  (IBED),  these  coatings  could  possess  a  significant  fraction 
of  the  cubic  phase,  which  is  extremely  hard,  wear-resistant,  and  has  a  low  coefficient  of 
friction.  It  is  expected  that  under  localized  loading,  microscopic  thermal  spikes  would 
provide  adequate  energy  to  convert  the  metastable  cubic  form  to  the  lubricious  hexagonal 
form,  thus  generating  a  few  atomic  layers  of  solid  lubricant  at  precisely  the  time  and 
place  required. 

To  produce  a  diamond-like  coating  of  boron  nitride  which  is  both  ultra-hard  and 
adherent  requires  rather  innovative  technology.  Cubic  boron  nitride  is  commercially 
produced  in  bulk  form  by  the  use  of  extremely  high  temperature  and  pressure  which  makes 
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these  processes  unsuitable  for  use  with  common  engine  materials.  Furthermore,  the 
process  is  completely  unacceptable  in  applications  where  thin  coatings  are  required. 
Through  Spire's  experience  in  materials  research  and  high  energy  ion  beam  processing,  the 
innovative  method  of  IBED  has  been  used  to  deposit  coatings  containing  cubic  boron 
nitride.  Ibe  IBED  process  (shown  in  Figure  1-1)  involves  the  use  of  an  energetic  ion  beam 
of  nitrogen  impinging  upon  a  substrate  which  is  simultaneously  being  coated  with 
evaporated  boron.  The  effect  is  that  the  ion  beam  "mixes"  the  boron  with  the  substrate 
material  while  at  the  same  time  forming  boron  nitride  and  providing  energy  for  the 
growing  layer  in  the  form  of  thermal  spikes.  On  a  microscopic  level  these  thermal  spikes 
create  the  localized  high  temperature  and  pressure  necessary  for  the  formation  of  the 
cubic  form  of  BN.  Thus  in  the  IBED  process,  as  the  individual  ions  strike  the  surface,  the 
conditions  used  for  the  synthesis  of  macroscopic  CBN  structures  are  simulated.  It  is 
important  to  point  out  that  on  a  macroscopic  level  the  temperature  of  the  substrate 
remains  quite  low  and  thus  would  not  affect  the  tempering  of  various  steels  or  alloys.  The 
effect  of  the  ion  beam  "mixing"  is  to  eliminate  material  interfaces  and  associated 
mismatches  by  creating  a  graded  transition  between  the  substrate  and  the  coated  film. 

The  process  of  IBED  is  anticipated  to  become  the  process  of  choice  for  the 
application  of  adherent  and  hard  tribological  coatings.  The  coatings  processed  by  this 
method  are  known  to  be  extremely  dense  and  free  of  pinholes  and  should  prove  to  be  of 
tremendous  value  as  a  chemical/mechanical  protective  surface. 
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FIGURE  1-1.  SCHEMATIC  DIAGRAM  OF  THE  IBED  PROCESS. 
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SECTION  2 
BACKGROUND 


2.1  ION  BEAM  ENHANCED  DEPOSITION  (IBED) 

The  international  ion  beam  R&D  community  has,  in  the  past  few  years,  given 
increased  interest  to  the  use  of  simultaneous  ion  bombardment  and  physical  vapor 
deposition.  Ion-assisted  deposition  has  been  reviewed  by  Harper  et  al.  of  IBM^  and  has 
been  studied  in  several  other  laboratories^2-12^  since  the  mid-1970's  to  study  electronic 
materials,  to  understand  the  role  of  ions  in  plasma-assisted  deposition  processes,  to 
prepare  dense  optical  coatings  as  well  as  to  prepare  tribological  coatings.  It  is  to  be  noted 
that  most  work  in  this  area  has  utilized  much  lower  energy  beams  (100  eV-2000  eV)  than 
used  in  ion  implantation. 

There  are  several  aspects  of  film  growth  that  are  beneficially  influenced  by  ion 
bombardment  during  thin  film  deposition  including:  (i)  adhesion,  (ii)  nucleation  and 
growth,  (iii)  control  of  internal  stress,  (iv)  morphology,  (v)  density,  (vi)  composition,  and 
(vii)  possibility  of  low  temperature  deposition. 

Obviously,  this  process  allows  thicker  alloyed  regions  to  be  attained  than  by  either 
direct  ion  implantation  or  ion  beam  mixing  but  still  incorporates  advantages  attributed  to 
ion  beams,  such  as  superior  adhesion  due  to  precleaning  and  ion  mixing  during  the  initial 
stages  of  deposition.  As  an  example,  the  adhesion  of  IBED  optical  coatings  onto  substrates 
has  been  improved  by  over  an  order  of  magnitude  compared  to  results  for  deposition 
performed  without  ion  beam  assistance.  Several  researchers  have  also  observed  a 
significant  reduction  in  the  stress  and  crystallite  size  for  ion  assisted  films 

IBED  processing  can  also  change  the  structure  of  deposited  coatings.  Conventional 
low  temperature  deposition  processes  often  result  in  porous,  columnar  microstructures. 
This  is  a  concern  for  optical  coatings,  for  example,  whose  transmission  properties  are 
sensitive  to  the  presence  of  absorbed  water.  It  is  commonly  found  that  their 
characteristics  in  air  and  vacuum  are  different  and  that  the  use  of  ion  bombardment 
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during  the  deposition  can  produce  fully  dense  non-absorbing  coatings  whose  characteristics 
are  stable  upon  atmospheric  exposure.  Its  use  in  depositing  optical  coatings  is  thus  far  the 
most  advanced  application  area. 

fl3) 

A  number  of  studies'  ’  have  demonstrated  how  the  internal  stress  within  deposited 
films  can  be  changed  by  ion  bombardment  during  deposition,  being  attributed  to  a  number 
of  factors  including:  (i)  impurity  incorporation,  (ii)  the  preferential  sputtering-out  of 
impurities,  and  (iii)  thermal  spike  events. 

1BED  processing  also  allows  control  over  stoichiometry  and  structure.  For  example, 

Si  N  coatings  prepared  by  the  IBED  technique  using  silicon  evaporation  and  low  energy 
x  y 

nitrogen  bombardment  can  be  continually  varied  from  pure  Si  to  stoichiometric  SigN4  by 
varying  the  relative  ion  beam  and  evaporant  flux  ratios.  It  is  this  type  of  control  which 
motivated  us  to  explore  its  use  in  producing  (ion-assisted)  i-BN. 

2.2  APPLICATION  TO  NITRIDE  FILMS 

Previous  studies^3,13)  have  shown  the  IBED  process  capable  of  producing 
stoichiometric  nitride  films  at  room  temperature.  Weissmantel  demonstrated  that 
-Si  N  films  formed  when  the  nitrogen  beam  current  passed  a  critical  threshold  wi'h 
respect  to  the  silicon  evaporant.  Cuomo  et  al.v  ’  also  showed  that  AIN  formed  when  th-i 
nitrogen  to  A1  flux  was  above  a  critical  value.  In  both  of  these  cases  any  excess  nitrogei 
appeared  to  be  rejected. 

2.3  PREVIOUS  i-BN  STUDIES 

f3) 

Weissmantel  et  al.  ’  were  some  of  the  first  to  publish  on  the  production  of  hard 
boron  nitride  films  by  ion  beams  (reactive  ion  plating).  They  found  a  quasiamorphous 
structure  via  TEM  with  IR  spectra  confirming  B-N  bonding  states  and  X-ray  data 
consistent  with  crystallites  of  cubic  boron  nitride.  They  postulated  that  in  the  wake  of  the 
violent  collision  cascade  of  the  stopping  ions  local  high- temperature,  high-pressure  areas 
could  be  produced  as  shown  schematically  in  Figures  2-1  and  2-2. 
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FIGURE  2-1. 


FIGURE  2-2. 


DEPICTION  OF  EVENTS  INCLUDING  DISPLACEMENT  SPIKES 
OCCURRING  DURING  ION  BOMBARDMENT  OF  A  SURFACE.  (C. 
Weissmantel) 


CALCULATED  THERMAL  SPIKE  TEMPERATURE  FOLLOWING  ION 
BOMBARDMENT.  (From  Namba  and  Mori,  Ref.  14) 
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Shortly  thereafter  Satou  and  Fujimoto  published  a  short  note^15^  claiming  the 

formation  of  cubic  boron  nitride  crystallites  in  an  amorphous/hexagonal  matrix.  Their 

characterization  consisted  of  electron  micrography  and  electron  diffraction.  They 

evaporated  boron  and  used  a  mass  analyzed  40  keV  N*  beam  (i.e.,  20  keV  N+  ions).  This 

(7)  1 

work  was  continued, v  ’  using  additional  analysis  of  IR  absorption,  X-ray  diffraction  and 
electron  microscopy.  They  give  evidence  that  films  having  a  B/N  ratio  larger  than  0.9 
have  a  cubic  boron  nitride  structure  along  with  the  hexagonal  phase. 

Recently  Sainty  et  al.  ’  have  published  a  comprehensive  study  using  low  energy 
(100  to  1500  eV)  analyzed  nitrogen  beams  on  evaporated  boron  to  produce  boron  nitride. 
Their  films  were  characterized  by  EELS  (electron  energy  loss  spectroscopy),  TEM, 
ellipsometry,  and  microhardness.  They  found  no  evidence  of  the  cubic  phase,  but  only  the 
hexagonal  phase  present,  in  an  extremely  fine  tangled  network  of  ribbons  of  random 
orientation. 
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SECTION  3 

PHASE  II  EXPERIMENTAL  PROGRAM 


Figure  3-1  shows  a  schematic  of  Spire's  Ion  Beam  Enhanced  (or  Assisted) 

Deposition  (IBED)  system  combining  electron  beam  evaporation  with  simultaneous 

(nitrogen)  ion  bombardment.  A  Kaufman  type  ion  source  was  used  and  operates  from 

2 

200  eV  to  1000  eV  providing  ion  current  densities  up  to  1000  microamps/cm  . 

In  order  to  produce  compounds  combining  evaporated  material  (B)  with  elements  in 
the  form  of  an  energetic  ion  beam  (i.e.,  nitrogen  ions)  one  has  to  provide  enough  ions  to 
ensure  stoichiometry.  Another  consideration  is  that  the  non-mass-analyzed  beam  consists 
of  a  diatomic  (N*)  component  (approximately  90  percent  abundant)  as  well  as  a 
monatomic  (N+)  component  (approximately  10  percent  abundant).  The  diatomic 
component  dissociates  immediately  upon  striking  the  substrate  with  each  nitrogen  atom 
carrying  away  one-half  of  the  initial  beam  energy.  Both  components  will  tend  to  sputter 
away  surface  atoms  in  competition  with  build-up  from  deposition.  The  ion-assisted 
deposition  process  is  thus  very  complicated  and  models  for  predicting  compound  formation 
are  only  recently  emerging.^17’18^ 


FIGURE  3-1.  SCHEMATIC  OF  SPIRE'S  ION  BEAM  ENHANCED  (OR  ASSISTED) 
DEPOSITION  (IBED)  SYSTEM  (a)  AND  DEPICTION  OF  PROCESS  (b) 
COMBINING  ELECTRON  BEAM  EVAPORATION  (BORON)  WITH 
SIMULTANEOUS  ION  (NITROGEN)  BOMBARDMENT. 
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The  main  experimental  parameters  include:  (i)  ion  and  evaporant  species,  (ii)  the 
relative  fluxes  of  the  deposited  material  (e.g.,  B)  and  the  ion  species  (e.g.,  N*  plus  N+), 
and  (iii)  the  substrate  temperature.  We  have  also  found  that  other  conditions  such  as 
background  pressure  and  its  makeup  are  also  important  affecting  both  the  microstructure 
and  properties  of  the  resultant  coating. 

Spire's  study  of  ion  beam  enhanced  deposition  of  boron  nitride  (i-BN) 
systematically  examined  several  properties  of  i-BN  prepared  over  a  range  of  boron  to 
nitrogen  arrival  ratios  (defined  as  R  ratio)  and  for  both  low  temperature  and  elevated 
substrate  temperatures. 

In  the  production  of  i-BN  thin  films  by  the  IBED  technique,  the  process  parameters 
which  are  most  relevant  are  the  temperature  of  the  substrate,  the  evaporation  rate  of  the 
boron  and  the  current  density  of  the  nitrogen  ion  beam  at  the  substrate.  Heating  of  the 
substrate  due  to  the  incidence  of  the  ion  beam  alone  typically  results  in  a  process 
temperature  of  180°  to  230°C  for  thin  films  (less  than  1  micron)  on  non  heat-sunk 
substrates.  With  the  aid  of  a  target  stage  heater,  temperatures  in  excess  of  400°C  can  be 
attained  in  the  experimental  chamber  previously  described.  Evaporation  rates  for  the 
boron  are  routinely  in  the  range  of  2  to  5  angstroms/sec  for  the  films  in  this  study  and  rate 
uniformity  is  generally  kept  within  +  0.3  angstroms/sec  of  the  desired  programmed  rate  by 
the  crystal  monitor. 

Changes  in  the  nitrogen  ion  arrival  rate  are  possible  by  varying  the  current  density 
of  the  ion  beam  as  measured  by  a  probe  near  the  substrate  surface.  The  present 
measurement  system  does  not  allow  for  a  mass  analysis  of  the  beam  (i.e.,  N*  to  N+  ratio) 
nor  does  it  take  into  account  the  effect  on  the  current  reading  by  secondary  electrons 
emitted  from  the  probe  surface  under  ion  bombardment.  Further  difficulty  in  identifying 
the  "true"  nitrogen  arrival  rate  is  due  to  the  unknown  neutral  flux  produced  by  charge 
exchange  neutralization. 

Recently,  attempts  have  been  made  to  quantify  some  of  these  factors^18, 19^  using  a 
Kaufman  ion  source  of  the  type  used  in  this  study.  A  N*:N+  ratio  of  89  percent  N*  to  11 
percent  N  has  been  determined  as  average  for  a  beam  energy  of  500  to  1000  eV;  with  the 
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neutralized  fraction  being  34  percent  for  beams  of  500  eV  in  a  working  pressure  of 

2  x  10~4  torr.  If  a  Faraday  cup  system  equipped  with  a  suppression  bias  is  used  to 

effectively  eliminate  the  need  to  correct  for  a  "secondary  current,"  then  a  measured 

2 

current  density  of  145  microamperes/cm  with  a  boron  evaporation  rate  of 
2  angstroms/sec  reduces  to  a  B/N  arrival  rate  of  1:1  for  this  experimental  geometry. 

3.1  SPIRE'S  i-BN  STUDY 

Table  3-1  is  a  listing  of  selected  i-BN  depositions  done  for  this  study.  In  total,  the 
Phase  I  and  Phase  II  efforts  generated  over  40  i-BN  depositions  over  a  large  matrix  of 
experimental  parameters.  In-house  testing  of  Knoop  microhardness  as  a  function  of  load 
(grams)  as  well  as  ellipsometric  determination  of  refractive  index  are  routinely  performed 
and  are  also  listed  here.  Figure  3-2  illustrates  a  typical  variation  of  microhardness  with 
load  as  well  as  with  incorporated  B/N  ratio  of  IBED  i-BN  thin  films.  Determination  of  the 
B/N  ratio  is  done  via  nuclear  reaction  analysis  using  selected  resonance  reactions  for 
boron  and  nitrogen  and  will  be  discussed  in  more  detail  later  (see  Section  4.1).  Other 
in-house  analyses  include  friction  and  wear  behavior  (see  Section  4.5)  and  a  more 
qualitative  Moh's  scratch  hardness  test  (see  Figure  3-3).  It  should  be  noted  that  this 
figure  shows  the  general  characteristics  of  the  i-BN  films;  specifically,  their  ductile 
behavior  (smooth,  plastically  deformed  scratch  edges)  and  their  excellent  adhesion  to  the 
substrate  (no  spalling  or  cracking  along  the  scratch). 

As  evidenced  by  the  data  thus  far  presented,  IBED  i-BN  thin  films  generally  exhibit 
a  high  microhardness  (KHN  -  2000-3000,  i.e.  20-30  GPa)  and  good  adhesion  to  the 
substrate.  Also  notable  are  the  thermal  and  chemical  stability  of  these  films. 

3.1.1  Thermal  Stability 

The  thermal  stability  of  BN  films  has  been  studied  by  high  temperature  annealing. 
Figure  3-4  shows  RBS  spectra  for  a  BN  film  on  a  Si  substrate  after  (i)  room  temperature 
aging  (2  months)  and  (ii)  after  a  subsequent  high  temperature  (750°C,  2  hours)  annealing 
treatment. 
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TABLE  3-1.  SELECTED  IBED  i-BN  DEPOSITIONS. 


I 

E 

Rate 

Substrate 

(  A/cm2) 

(eV) 

(A/sec) 

Si  (100) 

155-  160 

600 

2.0 

Si  (100) 

430 

700 

1. 5-2.0 

and  304  stainless  steel 

Si  (100) 

300 

1000 

2.0 

Si(100) 

@  400°C 

450 

550 

1.5 

Si  (100) 

@  400°C 

425 

500 

1.5-2. 0 

Si  (100) 

@  400°C 

1000 

1000 

2.0-2. 5 

Si  (100) 

@  400°C 

1000 

500 

2.0-2. 5 

Si  (100) 

200 

600 

2.0 

304 

300 

600 

3.0 

stainless  steel 


t  Microhardness  Refractive 
(A) _ KHN  @  (Load)  Index  (n) 


3500 

1980 

(  5g) 

- 

8786 

2200 

(  5g) 

2.49-2.7 

6000 

2400 

(5g) 

2.1 

2500 

3600 

(  5g) 

2.08 

2500 

1900 

(  5g) 

1.96-2.05 

6000 

2000 

(  5g) 

2.15-2.46 

12000 

2500 

(25g) 

2.13-2.7 

12000 

1650 

(5g) 

2.65 

11000 

1740 

(  5g) 

- 

FIGURE  3-3.  MOH'S  #9  (Al203)  SCRATCH  ADHESION  TEST  ACROSS  SILICON 
(Ieft)/BN  (right)  BOUNDARY  (10  g  load). 
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ENERGY  (M«V) 

FIGURE  3-4.  RBS  SPECTRA  OF  UNANNEALED  AND  ANNEALED  BN  THIN  FILMS 
(approximately  2000  angstroms)  ON  SILICON  SUBSTRATE. 


Although  most  of  our  IBED  samples  are  free  from  any  pinholes,  in  this  particular 
sample  (with  a  thickness  of  less  than  2000  angstrom)  RBS  indicates  the  presence  of 
pinholes  in  the  unannealed  condition.  Upon  annealing  for  2  hours  at  750°C  in  a  nitrogen 
ambient,  all  of  the  pinholes  filled  up.  On  the  other  hand,  RBS  explicitly  indicates  that  thin 
films  become  thinner  as  a  result  of  annealing,  indicating  that  during  annealing  some 
lateral  diffusion  occurs.  However,  no  mechanical  degradation  has  been  observed  for 
temperatures  up  to  900°C.  RBS  also  shows  little  or  no  oxygen  incorporation  in  this  film 
either  before  or  after  the  anneal,  indicating  the  excellent  resistance  to  oxidation  which  is 
characteristic  of  these  i-BN  films. 

3.1.2  Chemical  Stability 

The  best  BN  coatings  were  exposed  to  concentrated  nitric  acid  for  periods  of 
several  hours  to  days.  Although  the  substrate  material  was  clearly  attacked  by  the  acid, 
there  were  no  visible  changes  in  the  appearance  of  the  films,  and  no  changes  of  the 
mechanical  properties  could  be  discerned  in  hardness  measurements.  BN  coatings  that  had 
oxygen  contamination,  on  the  other  hand,  degraded  quickly  in  appearance  and  hardness 
after  a  few  days'  exposure  to  atmospheric  humidity  and  were  quickly  destroyed  by 
exposure  to  acid.  These  results  indicate  the  necessity  of  a  clean  vacuum  environment  to 
ensure  film  stability. 
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SECTION  4 

EXPANDED  ANALYSIS  OF  i-BN  COATINGS 


Since  one  of  the  key  objectives  of  this  program  was  the  identification  and 
optimization  of  the  process  parameters  most  relevant  to  the  formation  of  cubic  boron 
nitride,  it  was  determined  early  in  the  program  that  a  wider  variety  of  analytical  testing 
procedures  would  be  needed  to  properly  characterize  these  coatings.  These  "newer" 
techniques  would  be  used  in  conjunction  with  the  RBS  and  IR  studies  of  the  Phase  I  effort. 

Strong  activation  involved  in  many  ion  beam  assisted  deposition  processes  does  not 
only  improve  the  quality  and  performance  of  stable  compound  films,  e.g.  titanium  nitride, 
but  also  allows  the  formation  of  metastable  structures  with  novel  properties.  Among 
these,  diamond  and  diamond-like,  as  well  as  hard  boron  nitride  films,  are  of  special 
interest  due  to  their  many  superior  characteristics. 

Deposition  of  compound  films  is  generally  complicated  by  the  need  to  accurately 
control  the  composition.  Ion  beam  processes,  being  normally  far  from  the  equilibrium 
conditions,  require  special  attention  in  this  respect.  The  increased  chemical  activity  of 
ionized  species  also  attracts  many  impurities,  and  contamination  with  carbon,  oxygen,  and 
hydrogen  are  common  in  many  practical  coatings. 

In  this  study  we  have  analyzed  the  boron  and  nitrogen  concentrations  in  BN  films 

produced  by  ion  beam  assisted  deposition  (i.e.  i-BN  films).  It  is  assumed  that  the  main 

properties  of  the  films  are  determined  by  the  boron  to  nitrogen  ratio.  That  is  why  it  is 

essential  to  know  the  effect  of  the  process  parameters  on  this  ratio.  In  addition, 

impurities,  especially  hydrogen  contamination,  were  examined.  Hydrogen  is  known  to 

possess  the  active  role  in  hydrogenated  i-C  films  occupying  unfilled  tetrahedral 

bondings. In  ion-plated  hard  BN  films  deposited  using  NH„  gas,  high  concentrations  of 

(21)  ^ 

hydrogen  have  been  observed.  ’  Moreover,  IR  spectroscopy  has  revealed  H-B  bonding  in 
these  films.  For  this  reason,  the  incorporation  of  hydrogen  could  be  expected  also  in  the 
case  where  hydrogen  is  available  only  as  a  contaminant  in  the  process. 
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4.1  NUCLEAR  REACTION  ANALYSIS  (NR A) 


(221 

The  concentrations  of  boron  and  nitrogen  were  measured1  ’  using  the  nuclear 

11  12  15  12 

resonance  resonance  reactions  B(p,y)  C  at  E  «  163  keV,  and  N(p,a,y)  C  at  E  » 

15  P  I?  P 

429  keV,  respectively.  The  width  of  the  N(p,a,y)  C  resonance  at  E^  -  429  keV  is 

extremely  narrow,  F  =  120  eV,  allowing  precise  depth  profiling.  In  this  case  the  depth 

resolution  was  determined  by  the  energy  resolution  of  the  accelerator  used,  400  eV 

(FWHM)  at  the  energy  involved.  This  corresponds  to  a  depth  resolution  of  5  nm  at  the 

surface  of  the  BN  sample.  The  width  of  the  B(p,y)  C  resonance  at  Ep  -  163  keV  is,  on 

the  contrary,  very  broad,  F -  5.7  keV.  In  this  case  the  depth  resolution  was  determined  by 

the  width  of  the  resonance  alone.  Consequently,  the  depth  resolution  of  the  boron 

profiling  is  only  40  nm  at  the  surface  of  the  BN  sample.  Because  of  the  low  energy  of  the 

11B(p,y)12C  resonance  the  molecular  beam  H2+  at  the  acceleration  voltage>326  keV  was 

used.  Both  in  the  nitrogen  and  boron  case  the  gamma-rays  were  detected  using  a  Nal  (Tl) 

2 

detector  12.7  x  10.2  cm  in  size.  The  measured  gamma-ray  yields  were  converted  into  the 
absolute  concentrations  with  the  help  of  TiN  and  TiB  calibration  samples  respectively. 

Hydrogen  analysis  was  performed  with  the  forward  recoil  spectroscopy  technique 
(FRES)^23^  using  the  He+  beam  at  an  energy  of  2  MeV.  For  the  determination  of  the 
absolute  hydrogen  incorporation  the  FRES  spectrum  from  Kapton®*  was  used  together 
with  the  aid  of  computer  program  RUMp/2^  Complementary  analyses  of  oxygen  and 

-I  O  -fQ  1C  1«7 

carbon  were  carried  out  utilizing  the  deuterium  reactions  C(d,p)  C,  O(d.p)  O,  and 
160(d,a)  ^  (25,26|t  ^e  energy  of  E  ^  925  keV. 

The  nitrogen,  boron,  and  hydrogen  analyses  were  performed  on  all  samples,  whereas 
the  carbon  and  oxygen  analyses  were  carried  out  only  on  selected  samples. 


'Kapton  is  a  registered  trademark  for  a  polyimide  material  manufactured  by  DuPont 
Electronics,  Wilmington,  DE. 
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4.1.1 


Shown  in  Figures  4-1  and  4-2  are  examples  of  nitrogen  and  boron  distributions  in 
two  different  i-BN  films.  The  sample  #1103  can  be  found  to  be  formed  mainly  of  the  main 
constituents  boron  and  nitrogen  with  the  average  ratio  [Bj/fNj  =  1.5.  In  the  case  of  the 
sample  #0626  the  nitrogen  distribution  is  very  inhomogeneous  and  the  sum  of  the  boron 
and  nitrogen  concentrations  deviates  remarkedly  from  100  percent.  This  indicates  the 
presence  of  an  extra  constituent  (i.e.,  carbon)  which  was  verified  later  with  deuterium 
measurements. 


FIGURE  4-1.  NITROGEN  AND  BORON  DISTRIBUTIONS  IN  THE  SAMPLE  #1103. 


FIGURE  4-2.  NITROGEN  AND  BORON  DISTRIBUTIONS  IN  THE  SAMPLE  #0626. 
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The  hydrogen  contamination  varied  strongly.  In  most  cases  the  contamination  was 
small  but  detectable,  e.g.  0.2  -  2.0  at.  percent.  The  surface  contamination,  however,  was 
always  very  pronounced.  In  Figure  4-3  can  be  seen  the  FRES  spectra  from  the  samples 
#0626  and  #0121.  The  hydrogen  contamination  of  the  former  sample  was  the  smallest  of 
the  samples  examined.  The  incorporation  of  hydrogen  in  the  sample  #0121  was  the  highest 
observed,  and  the  average  concentration  corresponds  to  12  at.  percent.  The  high  hydrogen 
concentrations  ([H]  3.0  at.  percent)  were  measured  in  three  samples,  two  of  which  were 

deposited  at  the  elevated  temperature  (400°C). 
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FIGURE  4-3.  FRES  SPECTRA  OF  THE  SAMPLES  #0626  and  #0121. 
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Deuterium  induced  particle  spectra  were  also  taken  from  some  selected  samples. 
Shown  in  Figure  4-4  are  the  spectra  from  the  samples  #0(326  and  #0121.  The  signals  from 
different  elements  are  indicated  in  the  figure.  The  most  striking  feature  in  the  case  of 
the  sample  #0626  is  the  strong  signal  from  the  C(d,p)  C  reaction.  Because  the  sum  of 
boron  and  nitrogen  in  this  sample  was  much  less  than  100  percent  (Figure  4-2),  it  can  be 
concluded  on  the  basis  of  Figure  4-4  that  carbon  is  the  third  main  constituent  of  this  film. 
This  carbon  contamination  has  been  subsequently  traced  back  to  originating  from  the 
electron  beam  inadvertently  striking  the  graphite  crucible  containing  the  boron 
evaporation  charge. 

ENERGY  (MeV)  ENERGY  (MoV) 


CHANNEL  CHANNEL 


FIGURE  4-4.  DEUTERIUM  INDUCED  PARTICLE  SPECTRA  OF  THE  SAMPLES  #0626 
AND  #0121. 


The  highest  level  of  hydrogen  contamination  (i.e.  12  at.  percent)  was  seen  in  sample 
#0121  and  is  attributed  to  contamination  from  residual  water  vapor  and  hydrocarbons  in 
the  vacuum. 
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In  both  samples  of  Figure  4-4,  detectable  amounts  of  oxygen  are  visible.  The 
oxygen  signal  was  very  small  in  all  samples  corresponding  to  only  a  few  percent.  However, 
in  the  case  of  the  sample  #0121  with  the  high  hydrogen  contamination  the  oxygen  signal  is 
slightly  stronger  indicating  that  at  least  part  of  the  hydrogen  originates  in  water  vapor  and 
that  some  water  is  incorporated  in  the  film. 

To  relate  the  composition  of  the  samples  to  the  deposition  conditions  the  [B]/[N] 
ratio  was  plotted  as  a  function  of  the  quantity  R  defined  as: 

ion  beam  current  density  (P A/cm2) 

°  =  arrival  rate  of  evaporant  (A/s) 

In  Figure  4-5  the  data  for  the  depositions  at  low  temperature  as  well  as  elevated 

temperatures  are  shown.  In  the  low  temperature  case,  only  the  samples  with  the  low 

contamination  level  and  reliable  analysis  were  involved,  whereas  in  the  case  of  the 

elevated  temperature,  all  three  samples  have  been  taken  into  account.  The  general 

tendency,  as  can  also  be  expected,  in  both  cases  is  the  increasing  [B]/[N]  ratio  with  the 

decreasing  R.  In  almost  all  cases  the  hyperstoichiometric  boron  concentration  was 

observed.  This  is  consistent  with  the  observation  of  Weissmantel  et  al.,  who  reported  the 

boron  concentrations  from  almost  100  percent  to  50  percent  in  their  i-BN  films  fabricated 

13) 

with  the  ion-plating  technique.1  ’  Moreover,  as  can  be  seen  in  Figure  4-5  a  higher 
temperature  seems  to  favor  the  hyperstoichiometric  boron  concentrations. 
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FIGURE  4-5.  THE  DEPENDENCE  OF  THE  [B]/[N]  RATIO  ON  THE  DEPOSITION 
PARAMETERS. 
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The  chemical  composition  of  the  i-BN  films  seems  to  have  good  correlation  with 
the  mechanical  properties  and  this  is  discussed  in  Section  4.5.  It  is  interesting  to  note  that 
the  sample  with  the  highest  carbon  contamination  possesses  the  best  tribological 
properties.  This  was  thought  to  be  due  to  the  formation  of  boron  carbide;  however,  ESC  A 
analysis  does  not  indicate  B-C  bonding  in  the  form  of  B4C. 

A  comprehensive  chemical  analysis  based  on  the  ion  beam  methods  has  been 
performed  on  several  i-BN  films.  All  films  (except  one)  had  the  hyperstoichiometric  boron 
concentration.  The  ratio  [B]/[N]  approached  the  theoretical  value  at  the  highest  current 
densities  of  the  nitrogen  beam. 

In  three  samples  high  hydrogen  contamination  was  found  although  pure  nitrogen  was 
used  in  the  ion  source.  This  impurity  level  is  related  to  the  mechanical  behavior  of  the 
films.  In  one  case,  high  carbon  contamination  was  observed  and  correlates  with  improved 
mechanical  properties. 

4.2  AUGER  AND  XPS  ANALYSIS 

Results  from  NRA  of  IBED  i-BN  films  (Section  4.1)  indicate  that  many  films  are 
hyperstoichiometric  (boron  rich)  as  confirmed  by  Auger  spectroscopy  and  XPS  (ESCA) 
analysis. 

An  Auger  spectrum  of  a  cubic  boron  nitride  reference  sample  (General  Electric 
"BORAZON")  appears  in  Figure  4-6(a).  Figures  4— 6(b)  and  4-6(c)  are  spectra  from  an 
IBED  i-BN  film  and  show  an  apparent  increase  in  boron  enrichment  with  depth.  An  XPS 
depth  profile  of  a  similarly  prepared  BN  film  (Figure  4-7)  also  illustrates  the  hyper¬ 
stoichiometric  condition  (B/N  ratio)  varying  in  the  range  of  2  to  3. 

Included  with  the  XPS  survey  is  an  interesting  analysis  which  indicates  that  the 
relative  amounts  of  boron  nitride  and  elemental  boron  change  several  times  throughout  the 
depth  profile.  Figure  4-8  shows  a  three-dimensional  montage  of  the  boron  (Is)  binding 
energy  peak  as  a  function  of  depth  in  an  IBED  i-BN  film.  The  high  binding  energy  peak  is 
due  to  boron  in  a  B-N  binding  state,  while  the  lower  peak  is  attributable  to  elemental 
boron.  The  peak  position  varies  depending  upon  the  relative  concentrations  of  BN  and  B 
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FIGURE  4-6(a).  AES  DATA  FOR  G.E.  CBN  REFERENCE  SAMPLE. 
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present  at  that  depth.  It  is  not  known  at  this  time  whether  these  variations  are  due  to 
subtle  changes  in  the  growth  dynamics  of  the  BN  system  or  whether  they  are  the  result  of 
non-uniformities  in  the  atomic  arrival  rate  ratios  of  the  various  reactive  species  involved 
(i.e.,  B,  N*.  N+,  N°). 

4.3  STRUCTURE  AND  CRYSTALLINITY 

The  boron  nitride  system  has  many  similarities  to  the  naturally  occurring  carbon 
system.  Boron  nitride  exists  in  a  soft,  lubricious  hexagonal  phase  (similar  to  graphite)  as 
well  as  the  super-hard  cubic  phase  (similar  to  diamond).  A  weakly  bonded,  layered 
network  of  trigonally  coordinated  (sp  )  sites  is  found  in  the  former  while  the  latter 
consists  of  te^rahedrally  coordinated  (sp  )  sites  which  account  for  its  many  unique  physical 
properties.  Both  systems  can  exist  (less  commonly)  in  a  tetrahedrally  coordinated, 
hexagonal  close-packed  structure  known  as  wurtzite  type. 

Electron  energy  loss  spectroscopy  (EELS),  and  transmission  electron  microscopy 
(TEM)  with  selected  area  diffraction  (SAD)  analyses  have  been  performed  on  selected  i-BN 
samples  in  this  study  in  an  attempt  to  identify  the  crystalline  nature  of  these  films.  There 
is  some  evidence  to  suggest  that  there  may  be  differences  in  the  nucleation  process  for 
crystallite  growth  between  thin  (approximately  450  angstrom)  and  thick  (12,000  angstrom) 
films,  since  films  of  these  thicknesses  deposited  under  identical  conditions  are  quite 
different  in  TEM.  While  a  more  detailed  investigation  into  this  hypothesis  is  being 
conducted,  we  present  some  preliminary  results  here. 

A  thin  film  of  i-BN  (  450  angstroms)  was  examined  by  EELS  and  TEM/SAD.  Both 
techniques  confirmed  a  featureless,  amorphous  matrix  of  BN.  The  EELS  measurements  in 
the  core  electron  excitation  region  and  the  plasmon-loss  region  shown  in  Figure  4-9  agree 
well  with  those  of  a  BN  (hexagonal)  standard  Figure  4-10.  Location  of  the  B-K  edge  and 
N-K  edge  and  the  position  of  the  main  plasmon  peak  at  23.9  eV  are  indicative  of  a  loosely 
packed  hexagonal  BN  structure.  The  diffraction  pattern  (Figure  4-11)  for  this  thin  film 
indicates  an  amorphous  structure  and  the  TEM  image  was  featureless  and  showed  no 
crystallites. 
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FIGURE  4-9.  CORE  ELECTRON  EXCITATION  REGION  (a)  AND  PLASMON  LOSS 
REGION  (b)  FOR  IBED  I-BN  COATING. 
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FIGURE  4-10  CORE  ELECTRON  EXCITATION  REGION  (a)  AND  PLASMON  LOSS 
REGION  (b)  FOR  HEXAGONAL  BN  STANDARD. 
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FIGURE  4-11.  DIFFRACTION  PATTERN  SHOWING  AMORPHOUS  CONDITION  OF  450 
ANGSTROM  i-BN  FILM. 

In  contrast  to  the  thin  film  characteristics,  a  thicker  film  (12,000  angstrom)  was 
similarly  analyzed  by  TEM/SAD  and  indicated  a  more  structured  system  with  crystallites 
of  200-500  angstrom  cross  section  present.  Figure  4-12  shows  the  TEM  image  and  the 
associated  SAD  pattern.  Analysis  of  the  d-spacing  ratios  from  this  pattern  is  given  in 
Table  4-1  and  clearly  indicates  the  crystallites  to  be  cubic  BN. 

Further  work  needs  to  be  done  in  the  investigation  of  how  process  parameters 
affect  the  nucleation  and  growth  of  second  phase  crystallites.  The  observed  lack  of 
precip'tates  for  thin  films  (450  angstroms)  vs.  the  results  shown  in  Figure  4-12  makes  it 
tempting  to  attribute  the  nucleation  to  be  thickness  or  stress  dependent. 
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FIGURE  4-12.  TEM  IMAGE  OF  12,000  ANGSTROMS  i-BN  FILM  SHOWING  CUBIC 
BN  CRYSTALLITES.  SAD  pattern  (inset). 


TABLE  4-1.  d-SPACING  RATIOS*  FOR  THE  BORON  NITRIDE  SYSTEM 


IBED  i-BN 

Cubic  BN 

Hex.  BN 

Wurtzite  BN 

1.153 

(111) 

(200)"1-154 

(0Q2) 

(100)=1  534 

(100) 

(002)=1-046 

1.636 

mu 

(220)=1-632 

(DP2) 

(101)=1-614 

(1QQ) 

(101)=1-129 

1.909 

mu 

(311)=1-915 

(002) 

(102)=1-831 

(10 0) 

(102)=1-447 

*  Ratios  for  cubic  BN  derived  from  JCPDS  card  #35-1365.  Ratios  for  hexagonal  BN 
derived  from  JCPDS  card  #34-421.  Ratios  for  wurtzite  structure  BN  derived  from 
JCPDS  card  #26-773. 


4.4  INFRARED  AND  RAMAN  SPECTRA  ANALYSIS 


IR  transmission  spectra  for  BN  are  prevalent  in  the  literature  (see  Figure  4-13)  for 
films  which  were  deposited  by  a  variety  of  methods.  There  is  moderate  agreement  among 
investigators  in  the  interpretation  of  these  spectra  with  regard  to  the  significance  and 
location  (wavenumber)  of  the  major  peaks,  although  the  inconsistencies  are  enough  to 
suggest  that  IR  measurements  alone  are  not  sufficient  to  conclusively  identify  the  crystal 
structure  of  a  BN  sample. 
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FIGURE  4-13.  VARIOUS  LITERATURE  IR  SPECTRA  FOR  BORON  NITRIDE. 


There  are  two  peaks,  however,  which  are  generally  attributed  to  be  indicative  of 

-1  -1 

hexagonal  phase  BN.  One  rather  broad  peak  is  in  the  1370  cm  to  1400  cm  range  and  is 

attributed  to  B-N  bond  stretching  (in  plane)  while  the  other  (usually  smaller  and  somewhat 

“1  -1 

more  well  defined)  is  located  in  the  750  cm  to  780  cm  range  and  is  associated  with 
B-N-B  bending  (out  of  plane).  Occasionally  seen  are  peaks  at  2500  cm-1  (B-H  bonds)  and 
3430  cm-1  (hydroxyl  impurities  or  NH2  groups)  in  films  prepared  by  CVD  type  methods. 

Among  the  smaller  group  of  investigators  who  have  claimed  to  identify  cubic  BN, 

there  is  more  disagreement  in  the  identification  of  peaks  specific  to  the  cubic  phase. 

(31  32)  -1  -1 

Some  researchers1  ’  ’  attribute  the  peaks  just  mentioned  (i.e.,  1400  cm  and  800  cm  ) 

to  cubic  phase,  while  others  using  reactive  diode  sputtering^33)  attribute  a  peak  that  shifts 

from  810  cm'  to  785  cm-  with  increasing  bias  to  denote  c-BN.  Adding  to  the 

(34  35)  -1  -1 

uncertainty  are  those  findings1  ’  ’  that  claim  a  peak  at  1050  cm  to  1100  cm  is 

characteristic  of  cubic  BN. 

Results  of  a  study  by  Spire  on  selected  IBED  i-BN  thin  films  are  shown  in 

Figure  4-14  and  suggest  a  cubic  phase  (crystallites)  in  a  hexagonal  matrix  due  to  peaks  at 
-1  -1  -1 

1100  cm  and  1400  cm  ,  750  cm  ,  respectively.  As  mentioned  in  Section  4.3,  this  has 
been  confirmed  by  TEM/SAD  analysis. 

In  contrast  to  the  conflicting  interpretations  which  abound  in  IR  studies  of  boron 
nitride,  Raman  spectroscopy  appears  to  afford  a  clearer  distinction  between  the  structural 
phases  (cubic  vs.  hexagonal)  of  this  system. 

Although  the  presence  of  peaks  and  their  positions  in  the  IR  and  Raman  spectra  of  a 
material  are  often  similar,  they  need  not  be  so  and  indeed  a  substance  may  be  inactive  in 
infra-red  and  active  in  Raman.  This  difference  is  due  to  the  fact  that  IR  spectra  are  more 
dependent  on  molecular  vibrations  involving  a  change  in  dipole  moment  of  the  molecule, 
whereas  Raman  spectra  are  sensitive  to  changes  in  the  polarizability  of  a  molecule.  As  an 
example  consider  Cl2,  whose  molecular  vibrations,  by  symmetry,  involve  no  net 
displacement  of  charge  (dipole  moment)  and  is  therefore  inactive  in  infra-red.  However, 
the  polarizability  does  change  (with  bond  length)  during  vibration,  and  thus  Cl2  is  active  in 
Raman. 
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FIGURE  4-14.  IR  SPECTRA  OF  SELECTED  IBED  i-BN  THIN  FILMS. 


Figure  4-15(a)  shows  a  Raman  spectrum  of  a  hexagonal-BN  standard  with 

characteristic  peak  at  1366  cm-1.  Figure  4-15(b)  is  the  Raman  of  a  cubic-BN  standard 

-1  -1 

showing  the  two  characteristic  peaks  at  1055  cm  and  1306  cm  .  The  two  spectra  are 

clearly  different.  Figure  4-16  shows  the  Raman  of  an  IBED  i-BN  film.  A  small  peak  at 

-1  —1 
1300  cm  is  present  while  no  peak  is  visible  at  the  h-BN  position  of  1366  cm  .  The 

spectrum  suggests  a  cubic  phase  BN.  The  absence  of  the  other  cubic  peak  may  be  due  to 

the  fact  that  ratios  of  intensities  of  the  two  peaks  (LO  to  TO  modes)  have  been  found  to 

be  as  great  as  10  in  zincblende  type  crystal  structures, and  at  the  very  least  have  been 

1371 

found  to  be  dependent  on  many  factors.  ’ 
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FIHURE  4  Hi.  RAMAN  SPECTRUM  OK  IBED  i  UN. 

4.5  FRICTION  AND  WEAR  BEHAVIOR 

Because  of  their  high  hardness  and  refractory  nature,  many  nitride  compounds  are 
excellent  candidates  for  coatings  in  a  variety  of  high  mechanical  and/or  thermal  stress 
applications.^38^  Other  advantageous  characteristics  for  a  tribological  coating  would  be 
excellent  adhesion  to  its  substrate  as  well  as  low  friction  and  wear  against  a  variety  of 
counterface  materials. 

IBED  i-BN  films  are  being  studied  for  their  friction  and  wear  behavior  because  the 
IBED  process,  as  described  earlier,  characteristically  produces  highly  adherent  coatings 
and  boron  nitride  as  a  material  offers  many  unique  properties  especially  in  its  cubic  phase. 

The  friction  and  wear  behavior  of  the  coatings  were  investigated  using  an  in-house 
built  ball-on-disc  apparatus.  The  test  sequence  involves  a  combination  of  adhesive  and 
abrasive  wear.  Either  continuous  circular  motion  or  reciprocating  line  motion  of  ball  on 
coating  is  possible.  Ball  materials  compared  were  silicon  nitride  and  440C  stainless  steel. 
All  tests  were  run  unlubricated  in  air,  on  coatings  which  were  deposited  on  Si  (100)  wafers. 
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The  load  on  the  ball  normal  to  the  test  sample  can  be  varied  by  means  of  adding 
calibrated  mass  to  the  weight  pan.  During  testing,  the  test  stage  is  moved  beneath  the 
stationary  loaded  ball  and  the  horizontal  displacements  of  the  ball/lever  arm  assembly  are 
recorded  on  a  strip  chart  recorder  from  the  output  of  a  load  cell  in  the  lever  arm.  Prior  to 
the  test,  the  recorder  output  is  calibrated  under  a  known  load/displacement  so  that  under 
the  true  test  conditions  the  recorded  signal  yields  the  friction  force  of  the  ball/coating 
system.  The  coefficient  of  friction,  p  ,  can  now  be  calculated  as  the  ratio  of  the  normal 
force  to  the  friction  force. 

The  wear  for  the  various  systems  was  evaluated  by  measuring  the  depth  profile  of 

the  wear  scar  seen  on  the  coating  using  a  Dektak  profilometer  and  comparing  it  to  the  size 

of  the  wear  flat  on  the  ball  surface  under  microscopic  inspection.  A  new  ball  surface  was 

used  for  each  test.  Estimates  of  coating  volume  loss  were  made  from  the  wear  scar 

profile  and  scar  length  (approximately  2  mm).  By  measuring  the  diameter  of  the  contact 

area  of  the  ball,  the  volume  loss  of  the  ball  can  be  calculated  in  a  manner  similar  to 
(39) 

Hartley/  ’  A  dimensionless  wear  parameter,  K,  can  be  derived  for  the  ball  following 
Archard:^40) 

K  -  3H(AV)/Ns 

where  H,  A  V,  N  and  s  are  respectively  the  hardness  of  the  ball  (KHN  -  790),  the  volume 
loss  of  the  ball,  the  load,  and  the  sliding  distance.  Figure  4-17  shows  a  typical  wear  track 
profile  and  associated  ball  wear  flat. 

The  variation  in  coefficient  of  friction  with  sliding  distance  is  summarized  in 
Figures  4-18  and  4-19  for  the  Si3N4  ball  and  the  440C  ball  respectively.  Additionally 
Figure  4-18  includes  the  boron  to  nitrogen  ratio  of  the  i-BN  films  determined  by  nuclear 
reaction  resonance  analysis  as  well  as  a  qualitative  mention  of  hydrogen  content,  [H],  from 
forward  recoil  spectrometry  (Section  4.1).  Figure  4-19  includes  the  wear  parameter,  K, 
for  the  440C  systems  investigated,  as  well  as  estimates  of  coating  volume  loss. 
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FIGURE  4-17.  REPRESENTATIVE  WEAR  TRACK  PROFILE  AND  ASSOCIATED  BALL 
WEAR  (400X)  FOR  440  C  STAINLESS  STEEL  BALL  ON  i-BN  SYSTEM. 


FIGURE  4-18.  COEFFICIENT  OF  FRICTION  VERSUS  SLIDING  DISTANCE.  (Si3N4  ball, 
dry,  on  IBED  nitride  coatings.)  From  Reference  26. 
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FIGURE  4-19.  COEFFICIENT  OF  FRICTION  VERSUS  SLIDING  DISTANCE.  (440  C  ball, 
dry,  on  IBED  nitride  coatings.)  From  Reference  26. 

There  appears  to  be  a  general  increase  in  friction  with  increasing  B/N  ratio  in  the 
Si3N4  ball  system  while  little  difference  is  seen  with  the  440  C  system.  Hydrogen  content 
of  the  film  seems  to  have  an  effect  on  the  friction  in  both  bail  systems,  i.e.,  friction 
increasing  with  [H].  Of  particular  interest  is  coating  #0121  whose  friction  was  among  the 
highest  in  both  systems.  Its  hydrogen  concentration,  [H]  -  12  percent,  was  the  highest 
measured  of  all  the  films.  It  should  be  noted  that  this  coating  exhibited  brittle  behavior 
and  that  it  was  worn  through  after  about  600  cycles.  Data  beyond  this  point  are 
influenced  by  accumulated  debris  along  the  wear  track. 

In  the  i-BN  system,  adhesive  transfer  of  ball  material  to  the  coating  occurred  only 
with  sample  #0317.  After  the  440  C  ball  test,  several  patches  (—1000  angstroms  thick) 
could  be  seen  on  the  coating.  A  more  continuous  distribution  of  patches  (approximately  1 
micron  thick)  was  present  after  the  SigN4  ball  test.  Figure  4-20  shows  a  SEM  micrograph 
of  this  wear  track.  Compare  this  figure  to  Figure  4-21,  which  shows  an  SEM  of  the  wear 
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FIGURE  4-20.  SEM  MICROGRAPH  SHOWING  ADHESIVE  TRANSFER  TO  COATING 
#0317  FOLLOWING  Si3N4  BALL  TEST. 


t  J 

FIGURE  4-21.  SEM  MICROGRAPH  OF  WEAR  TRACK  FOR  SAMPLE  #0626. 


4-22 


track  for  sample  #0626.  Although  the  test  for  #0626  was  run  with  twice  the  load  and  20 
times  the  number  of  cycles  as  sample  #0317,  essentially  no  wear  was  visible.  Once  again, 
this  reinforces  the  conclusions  from  Figure  4-18  that  a  low  B/N  ratio  and  low  [H]  result  in 
films  with  better  mechanical  properties  in  friction  and  wear.  It  should  be  noted  that  NRA 
of  sample  #0626  also  indicated  the  presence  of  some  carbon  contamination,  as  mentioned 
earlier,  and  this  may  also  contribute  to  the  low  friction/wear  behavior. 

In  summary,  we  can  state  that  many  of  the  i-BN  coatings  show  low  friction  (  p~0.1) 
against  440  C  stainless  steel  and  SigN4  counterfaces.  The  coatings  generally  show  a 
ductile  behavior  with  very  good  adhesion  to  the  Si(100)  substrate.  Friction  seems  to 
increase  in  the  i-BN  system  with  increasing  B/N  ratio  and  also  when  hydrogen  content  is 
higher.  Hydrogen  incorporation  is  also  seen  to  have  a  deleterious  effect  on  mechanical 
behavior. 
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SECTION  5 

POSSIBLE  i-BN  APPLICATIONS 


The  advent  of  a  relatively  low  temperature  processes,  such  as  IBED,  for  the 
deposition  of  boron  nitride  thin  films  onto  a  variety  of  substrate  materials,  has  sparked 
investigation  into  utilizing  this  unique  material  in  an  ever  widening  variety  of  applications 
of  commercial  interest. 

5.1  OPTICAL 

Spire  IBED  i-BN  thin  films  have  been  investigated  as  possible  optical  baffle 
coatings  for  use  in  telescopes.  Its  high  spectral  emittance  in  the  8-12  micron  window 
(Figure  5-1)  coupled  with  its  demonstrated  resistance  to  high  energy  pulsed  electron 
radiation  (Figure  5-2)  has  made  it  an  interesting  candidate  material. 

5.2  LOW-Z  COATING 

Research  at  Spire  in  conjunction  with  the  DOE,  MIT  Fusion  Center  and  Oak  Ridge 
National  Laboratories  has  been  investigating  using  i-BN  as  a  low-average  Z  (Z=6), 
refractory  coating  for  use  in  plasma  confinement  systems.  Low  Z  materials  are  preferred 
for  use  in  these  plasma  environments  because  radiation  losses  from  them  produce  less 
contamination  and  stability  problems  for  the  plasma.  Testing  at  ORNL  in  a  neutral  beam 
test  apparatus  delivered  1100  pulses  of  200  W/cm  over  2  seconds  every  5  seconds.  The 
i-BN  coating  survived  as  well  as  a  TiC  coating  which  is  widely  used  now  in  plasma  systems 
and  has  the  potential  advantage  of  having  a  lower  Z  value. 

Research  sponsored  by  both  government  and  private  sector  funding  has  generated 
much  promise  for  the  eventual  commercialization  of  i-BN  thin  film  technology  into  areas 
which  have  only  recently  been  envisioned  by  today's  technological  advances. 
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FIGURE  5-1.  SPECTRAL  EMITTANCE  OF  BORON  NITRIDE  ON  ETCHED  ALUMINUM 
AT  77°K  AND  200®K. 
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FIGURE  5-2. 
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BLOW-OFF  SCAR  OF  i-BN  ON  A1  SUBSTRATE  FOLLOWING  PULSED 
ELECTRON  BOMBARDMENT  (3.58  cal/60  ns  pulse).  The  outer  edge  of 
the  scar  where  delamination  was  arrested  received  an  energy  flux  of 
0.6  cal/cm2. 
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